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2Abstract
Thermal information of volcanoes is crucial for understanding their magmatic activity. In 
active volcanoes, the fumarole temperature is measured in order to monitor the magmatic 
activity. In this study, a consumer digital camera has been used as an infrared thermometer in 
order to obtain the infrared images for a fumarole area in the active crater of the Aso volcano, 
Japan; the temperature of the fumaroles that are more than a few centimeters in diameter can be 
estimated from the recorded images. The aperture value and the exposure time of the digital 
camera can be optimized manually, and clear images can be obtained in a wider temperature 
range of fumaroles by using the digital camera than by the consumer camcorder used in the 
previous study. The spatial resolution can also be chosen by changing the lens. The sensor of the 
digital cameras is sensitive to the near-infrared wavelengths of light, and the temperature 
estimation by using light of these wavelengths is robust against disturbances such as atmospheric 
absorption. The temperature, size, and spatial distribution of the fumaroles estimated by using 
this thermometer are considered to be more reliable than those measured by the dedicated 
thermometer used in the Aso volcano and the consumer camcorder used in the previous study. 
The thermometer used in this study is handy and cost-effective. Moreover, it has better 
temperature and spatial resolutions for monitoring high-temperature volcanic activity. 
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3Introduction
Volcanic eruptions give crucial information about the magmatic processes in volcanoes; 
however, these are very dangerous phenomena and are difficult to observe at a closer location. In 
active volcanoes, high-temperature volcanic gases arising from the magmas flow out from the 
active fumaroles between eruptions. The temperature of the surface fumaroles can provide 
important inferences about the magmatic and the hydrothermal systems under active volcanoes 
(Giberti et al., 1992; Martini, 1986; Stevenson, 1993; Taran et al., 1995). Higher magmatic 
activity is expected to cause a higher flux of volcanic gases to the surface, and an increase in the 
fumarole temperatures has often been observed prior to eruptions or during shallow magma 
intrusions (Menyailov et al., 1986). Measurements of the fumarole temperature have been carried 
out in several volcanoes for understanding magmatic processes and detecting the precursors of 
eruptions as well as other geophysical and geochemical observations (Connor et al., 1993; 
Menyailov et al., 1986).
Human activities could easily suffer severe damage from even small volcanic eruptions. It is 
necessary to predict small bursts such as the ejection of debris, particularly for volcanoes and the 
areas surrounding their active craters that are visited by many tourists. The detection of a small 
change in volcanic activity, which might be a precursor to small eruptions, is necessary to 
mitigate volcanic hazards. The temperature of fumaroles in the active crater could reflect a near-
surface thermal state and might exhibit some precursors of the small bursts (Ripepe et al., 2002). 
In situ temperature measurements in active craters are difficult to operate, and remote sensing 
techniques have been used for the quantitative measurements. Satellite images have been used 
4for monitoring volcanic activity (Flynn et al., 2000; Ramsey and Dehn, 2004); however, the 
spatial resolution of these images is not sufficiently high to monitor the temperature of the 
fumaroles (Harris and Stevenson, 1997). We have constructed an infrared thermometer by using 
a consumer camcorder and measured the temperature of the fumaroles in the active crater of the 
Aso volcano in Japan, which is a popular site among tourists (Saito et al., 2005). This 
thermometer is a cost-effective; however, its spatial resolution is not sufficiently high to estimate 
the temperature of the small fumaroles in the active crater of the Aso volcano. In this study, a 
consumer digital camera has been used as a high spatial- and temperature-resolution 
thermometer, and the temperature measurement has been carried out in a fumarole area in the 
active crater of the Aso volcano, Japan. 
Infrared thermography
The intensity of radiated energy is proportional to the fourth power of the absolute 
temperature which is known as the Stefan-Boltzmann's law. The temperature of an object can be 
estimated by measuring its radiation intensity. The spectral energy density of blackbody radiation 
B(λ) is given by the Planck's equation,
,
where h, c, k, λ, and T are Planck's constant, the speed of light, Boltzmann's constant, 
wavelength, and temperature, respectively. The radiation energy spectra are shown in Fig. 1. The 
peak wavelength of the spectrum becomes shorter as the temperature of the object increases, 
5while the radiation intensity increases with the temperature. The radiation energy in a spectral 
range varies with temperature and is therefore used in the temperature estimations.
The total radiation detected at a light sensor, R(λ), is expressed as follows, when the 
temperature of an object is very high as compared to that of the surroundings and when 
atmospheric effects such as absorption and scattering can be neglected:
,
where ελ, ρλ, and Bs(λ) are the emissivity of the object, reflectance of the object, and solar 
radiation intensity at the surface, respectively. The second term on the right-hand side of the 
above equation is the reflected sunlight at the surface of the object, which is a disturbance in the 
temperature estimation. The emissivity of rocks depends primarily on their composition and the 
wavelengths of the incident light. The emissivity was estimated to be 0.935 for volcanic surfaces 
at the Stromboli volcano in the spectral range of 1.55 to 1.75 μm (Harris and Stevenson, 1997); 
the measured emissivity value for the rough surface of basalts is about 0.95 for the spectral range 
of 3 to 5 μm (Salisbury and D'Aria, 1994). In the ASTER spectral library, the reflectance of 
basaltic rocks is about 0.079 on average at the wavelength of 1.0 μm (Baldridge et al., 2008). In 
this study, the reflectance is expected to be about 0.05 as determined by using the Kirchoff's law 
(ρλ = 1 - ελ) in volcanic areas with basaltic lavas for the near-infrared wavelengths.
For the temperature estimations in the daytime, the solar radiation intensity should be 
considerably lower than the radiation intensity of an object for the spectral range used in the 
temperature measurements. For an object with relatively low temperatures (<500ºC), the thermal 
infrared wavelengths of about 10 μm are generally used in the temperature measurements to 
6avoid the disturbance due to sunlight, while the near-infrared wavelengths from 1 to 2 μm are 
used for an object with relatively high temperatures (>500ºC) because the wavelength at the peak 
of the radiation intensity becomes much shorter than 10 μm and the solar radiation is negligible 
at the wavelengths (Fig. 1).
Radiation intensity is in the same order of magnitude for objects with the temperatures 
ranging from 300 to 1000ºC for the wavelength of 10 μm, while for the wavelength of 1 μm, the 
radiation intensity varies to six orders of magnitude for the objects within that temperature range. 
This indicates that the temperature estimation by using wavelengths of about 1 μm is expected to 
be robust against the disturbances affecting the estimation as compared to the estimation carried 
out by using longer wavelengths of about 10 μm. When, for example, 10% of the radiated energy 
from an object that has a temperature of about 800ºC is absorbed by the atmosphere, the 
estimated temperature decreases by about 100ºC when the 10 μm wavelength is used and by 
about 10ºC when the 1 μm wavelength is considered (Fig. 1).
Sensor
 Most of the image sensors used in digital cameras are silicon devices such as CCD and 
CMOS. When photons come into the silicon sensor, the electrons in the silicon are excited and 
the covalent bonds that hold the electrons to the silicon atoms are broken. The number of 
electrons that are released increases with the intensity of light. Essentially, the energy of the 
photons has to be adequate to break the covalent bonds of the silicon in order to generate 
electrons (or electron-hole pairs). This requires that the energy of the photons be greater than the 
7energy gap of silicon (i.e., greater than about 1.1 eV). Generally, the light wavelengths in the 
visible spectrum and the near-infrared spectrum up to 1.1 μm have sufficient energy to liberate 
electrons. Silicon image sensors are thus sensitive to near-infrared wavelengths (Joyce, 1992; 
Theuwissen, 1995).
As mentioned previously, the radiation intensity in the near-infrared wavelengths is larger 
than the solar radiation for an object with a temperature higher than about 500ºC; the temperature 
resolution is higher and disturbances such as atmospheric absorption are expected to be smaller 
for the temperature estimation using the wavelengths. Therefore, a digital camera has an 
advantage with respect to monitoring the high-temperature areas in volcanoes.
In this study, a consumer digital camera Canon EOS 300D has been used whose price is less 
than $900. This camera has a six-megapixel CMOS-type image sensor and is widely used for 
astrophotography, where long-term exposures are common just to shoot a single scene, because 
of low noise and higher sensitivity in the near-infrared wavelengths. This camera is built on a 
professional single lens reflex (SLR) camera body, and the lens can be replaced. Further, the 
exposure time and the aperture value can be set to arbitrary values. 
Consumer digital cameras using the silicon image sensors incorporate a band-pass filter, 
which transmits only the visible wavelengths. This filter has been removed in order to measure 
the intensity of light in the near-infrared spectrum.
Calibration
The sensitivity of image sensors used in consumer digital cameras is not generally open. In 
8this study, rock samples are heated in an electric furnace and the radiation of the rocks is 
recorded by the digital camera. The relation between the temperature of the samples and the 
recorded intensity of radiation is also obtained. In the Aso volcano, the active crater and its 
surrounding areas are covered with extrusive rocks of basaltic-andesite composition (Ono and 
Watanabe, 1985). In the measurements, rock samples collected at the rim of the active crater in 
the Aso volcano are used. 
Radiance emitted from an object varies by several orders of magnitude within the 
temperature range as shown in Fig. 1. For the measurements, the exposure time and the aperture 
value are adjusted for obtaining an adequate amount of light on the image sensor after the 
sensitivity of the sensor S is set. The light value L, which is proportional to the intensity of the 
incident light in the lens, is calculated by using the exposure time t (s), the aperture value A (f-
stop), and the sensitivity S (ISO) as follows:
L = L' A2 / t / S,
where L' is the intensity of light recorded by the digital camera expressed as an 8-bit value in 
decimal. This value is plotted versus the object temperature in Fig. 2, in which a regression curve 
is also shown. From this figure, it is observed that the light value increases one order of 
magnitude with an increase in the temperature of 100ºC. This indicates that the error for the 
temperature estimation is less than a few tens of degrees, even if the light value varies by a factor 
of two. The lava samples used in the calibration are considered to have nearly the same 
emissivity values as basalt because their chemical composition is very close to that of basalt. The 
estimated emissivity value of basalt is about 0.95 as described above. The error in the 
9temperature estimation caused by the uncertainty of emissivity of 0.1 is less than 10ºC, and the 
emissivity value is not corrected in the calibration process. 
Temperature estimation of a fumarole area in the active crater of the Aso volcano
Temperature measurements have been carried out at the Aso volcano located on the Kyushu 
island in the southwest Japan subduction zone (Fig. 3). This volcano is characterized by a very 
large caldera with the dimension of approximately 20 km, which was formed by an eruption of 
90 ka. In this volcano, the strombolian eruptions occurred at intervals of 10 to 20 years, and the 
last one was in 1989; small phreatic eruptions occurred occasionally between the strombolian 
eruptions (Ono et al., 1995).
 The active crater located in the Aso volcano is about 400 m in diameter. At the bottom of 
the active crater, there are a hot-water lake formed by the boiling springs and fumarole areas 
(Fig. 3). The temperatures of the hot-water lake and the fumaroles can be the indicator of 
magmatic activity; these temperatures increase before eruptions, which results in the dry-up of 
the lake and the glow of the fumaroles. Over one million tourists visit this volcano every year, 
and they can access to the edge of the active crater easily.
In this study, the temperature distribution of the fumarole area at the bottom of the active 
crater in the Aso volcano has been estimated by using a digital camera. The fumarole area is 
located at a distance of about 80 m below the crater edge. The camera is set at the crater edge, 
and the distance from the fumarole area to the camera is about 200 m. The images of the 
fumarole area are taken once a month from September to December in 2004. In the previous 
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measurement in November 2003, the temperature of the fumaroles in this area was estimated to 
be more than 800ºC by using a camcorder (Saito et al., 2005). Fumaroles with temperatures of 
about 800ºC can be seen clearly as bright spots in the images recorded in the previous 
measurements, unless they are in the sunlight. However, in September 2004, the fumaroles could 
not be identified in the recorded images taken in the daytime because of higher radiation noise 
from the surroundings, indicating a low temperature of the fumaroles. Thus, the images of the 
fumarole area were recorded during sunset in this study.
Results
An image of the fumarole area at the bottom of the active crater in the Aso volcano recorded 
in September 2004 is shown in Fig. 4(b). The width of this image area is about 30 m. In this 
image, the bright spots correspond to the fumaroles that cannot be seen as glowing spots with 
unassisted eyes, and the temperature of the fumaroles with a dimension of more than a few 
centimeters can be measured. The lens can be replaced easily, and the spatial resolution can be 
arbitrarily chosen. It can be seen from this image that the fumaroles with a diameter of less than 
0.5 m are scattered in this fumarole area. The consumer camcorder used in the previous study 
was also used for the temperature measurement. An image recorded by the camcorder is shown 
in Fig. 4(c); the spatial resolution of this image is about four times smaller than that in Fig. 4(b). 
In this image, only one large bright spot can be identified, which corresponds to fumarole A 
shown in Fig. 4(b). The recorded image of this fumarole is blurred, but the temperature of the 
fumarole estimated from this image is nearly the same as that estimated by using the digital 
11
camera.
The temperatures estimated for three of the brightest fumaroles shown in Fig. 4(b) are 
plotted in Fig. 5. The temperature estimated in November 2003 was over 800ºC, but the 
estimated temperatures were less than 500ºC in September and decreased over 50ºC from 
September to October; the temperatures showed a small decrease afterward. In March 2005, the 
radiation from the fumaroles could not be identified after sunset, indicating that the temperatures 
were less than about 300ºC. 
Discussion
For the digital camera used in this study, the arbitrary values of A and t are chosen manually, 
and the intensity of the light at the sensor can be optimized to use the full range of the output 
signal from the sensor. The value of A and t were chosen automatically in the factory preset 
ranges and could not be varied manually for the camcorder. The camcorder probably chose the 
optimum values of A and t in the preset ranges, but the recorded light intensity was lower for the 
lower-temperature fumaroles. In Fig. 4(c), the maximum signal value is about 100 on a 256-scale 
intensity and the image of the bright spot becomes blurred, although clear images were recorded 
for higher-temperature fumaroles in the previous study (Saito et al., 2005). 
In general, the depth of field increases as the aperture becomes smaller. For the camcorder, 
the aperture could not be set manually and probably became larger automatically for dark 
objects; the images recorded then blurred. In Fig. 4(c), the area of the small bright spots in Fig. 
4(b) corresponds to that of several pixels. When the depth of field is small, it is difficult to focus 
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precisely at each of the small fumaroles and the image becomes blurred; the radiation energy 
from each of the small fumaroles is diffused in a larger area at the sensor, which results in the 
lower light intensity recorded in the camcorder. Then the other small bright spots shown in Fig. 
4(b) cannot be detected in Fig. 4(c) due to the relatively low S/N ratio. 
For the camcorder, the temperature, size, and distribution of the fumaroles could not be 
monitored accurately throughout the temperature range of the thermometer. For the digital 
camera, the depth of field and the light intensity at the sensor can be optimized manually by 
choosing the value of A and T, and the spatial resolution can be set by changing lenses. The 
fumarole activity can then be monitored reliably.
In Fig. 5, the temperature ranges measured in each month by the Japan Meteorological 
Agency (JMA) are also shown (JMA, 2004). The JMA measured the maximum temperature of 
the same fumarole area from the same camera position as the area considered in this study 
several times a month. The measured temperature by the JMA is about 200ºC lower than that 
estimated in this study; the temperature shows a decrease similar to that estimated in this study, 
but the temperature difference is smaller.
The temperatures measured by the JMA are considerably lower than those measured in this 
study. The JMA used a dedicated infrared thermometer that could measure temperatures lower 
than 500ºC, and the azimuthal resolution of the thermometer is 1° (Saito et al., 2005), which 
corresponds to the spatial resolution is of about 1 m in their measurements. The dimension of the 
fumaroles in this area is less than 1 m, and the lower spatial resolution as compared to the 
fumarole size may be the cause of the lower temperatures. 
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The atmospheric absorption can also be the cause of the difference of the measured 
temperatures. In active craters, the concentrations of water vapor, CO2, and other gases from the 
fumaroles are probably higher, and the radiation energy absorbed through the atmosphere cannot 
be neglected. As mentioned previously, the temperature estimation using the wavelengths of 
about 10 μm is sensitive to the disturbances. In those wavelengths, the radiation intensity of an 
object with temperature of 400ºC differs from that of 200ºC by no more than one order of 
magnitude; the absorption of a few tens of percent of the radiation energy decreases the 
estimated temperatures by more than 100ºC. When the temperature difference of about 200ºC is 
caused only by the atmospheric absorption, 60% of the radiation energy is calculated to have 
been absorbed by the atmosphere in the wavelengths of 10 μm. In the wavelengths of 1 μm, this 
decrease in radiation intensity results in the error of the temperature estimation of only about 
20ºC for a fumarole temperature of 400ºC. The decrease in the radiation intensity due to the 
atmospheric absorption can be estimated, when the temperature of an object in the crater is 
measured by using both the near- and the thermal-infrared wavelengths.
A decrease in the emissivity due to the alteration of rocks in the active crater may lower the 
radiation. When the emissivity of altered rocks is a half of that of fresh ones, the decrease in the 
estimated temperature is about 20ºC, as described for the atmospheric absorption. The error in 
the temperature estimation may be not more than 100ºC even for the high-temperature fumaroles 
in the active crater when the estimation is carried out by using the digital camera in the 
temperature range that the digital camera can measure. Further calibration would be useful 
especially for temperature measurements of various high-temperature bodies with higher 
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accuracy using the digital camera; temperature measurements of, for example, a body having 
smooth surfaces with known emissivity considering sunlight conditions can give reference light 
values for the temperature estimations.
Conclusions
In this study, a consumer digital camera is used as an infrared thermometer. The temperature 
distribution in the fumarole area in the active crater of the Aso volcano was estimated by using a 
digital camera. In the recorded images, small fumaroles were recognized clearly. For the digital 
camera, the values of A and t could be optimized manually and clear images could be obtained 
throughout the temperature range in which the digital camera could measure, while the images 
recorded by the camcorder became blurred for the low-temperature fumaroles. The digital 
camera measured the temperature by using shorter wavelengths, which was robust against 
atmospheric absorption and the other disturbances, and the estimated temperature was more 
reliable than that using the dedicated infrared thermometer used in the Aso volcano. The error in 
the estimated temperature of the fumaroles in the active crater was several times lower than that 
for the dedicated infrared thermometer. The temperature, size, and spatial distribution of 
fumaroles estimated by using the digital camera were considered to be more reliable than those 
obtained by the camcorder or the dedicated infrared thermometer. The consumer digital camera 
is handy and cost-effective, and has better temperature and spatial resolutions; this camera can be 
used for monitoring the high-temperature magmatic activity in volcanoes.
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Fig. 1 Black-body radiance is plotted with the wavelength. The numbers denote temperature 
(K). Solar radiation at the surface is also shown (ASTM International, 2006).
Fig. 2 Measured radiation intensity from a rock sample heated in an electric furnace at 
temperatures up to 900ºC.
Fig. 3 Topographic map of the active crater of the Aso volcano. The crater rim is denoted by 
the thick line. The hatched circle and the triangle represent the fumarole area and the 
observation point, respectively. The inset denotes the location of the Aso volcano.
Fig. 4 Photographs of the fumarole area at the bottom of the active crater in the Aso volcano. 
(a) Daytime photo taken by a normal camera; (b) image recorded by the infrared digital 
camera (f = 300 mm, f-stop = 5.6, t = 2 sec., ISO = 800). Temperature was estimated in three 
fumaroles (A, B, and C) in this figure; and (c) image recorded by the camcorder. The blurred 
light spot in the center of the image is the fumarole A in the middle image. The circle 
indicates the same area as that in the middle figure.
Fig. 5 Estimated temperatures of the three fumaroles shown in Fig. 4(b). The hatched 
rectangles denote the monthly variation in peak temperatures in the fumarole area measured 
several times a month by the Japan Meteorological Agency (JMA, 2004).
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